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M a n u s c r i p t
Introduction
Airlift reactors are widely used in fermentation industry and wastewater treatment. In these reactors, the properties of liquid phase may have a profound effect on the bubble size, M a n u s c r i p t 4 consequently influencing the hydrodynamic and mass transfer behaviour of the reactor (Albijanic et al., 2007) . If surface tension of dilute aqueous solutions of alcohols is the only physical property of liquid phase that exhibits significant difference from water, these solutions can be used to simulate the behaviour of these reactors.
The addition of a small amount of alcohols in aqueous solutions strongly suppresses coalescence between bubbles due to the formation of a rigid monolayer around bubbles, making their surfaces immobile (Al-Masry and Dukkan, 1997; Krishna et al., 2000) . When a bubble rises through a liquid, adsorbed alcohol molecules move to the back of the bubble, and cause the surface tension gradient that resists the tangential shear stress. Therefore, the increase in the drag force on the bubble reduces the bubble rise velocity (Krishna et al., 2000) , which improves the entrainment of bubbles in the downcomer section of the reactor (Albijanic et al., 2007) . The presence of bubbles in the downcomer may have a significant effect on liquid circulation because the driving force for liquid circulation is directly proportional to the difference between the gas holdup in the riser and that in the downcomer (Albijanic et al., 2007 , Sijacki et al., 2010 .
Liquid circulation not only facilitates mixing of solids, but also it improves heat and mass transfer in airlift reactors, and consequently, the determination of liquid circulation in these reactors becomes very important. In previous studies, the circulation time of dilute alcohol solutions in draft tube airlift reactors has been determined experimentally (Fields and Slater, 1983; Weiland, 1984; Petrovic et al., 1991; Kennard and Janekeh, 1991; Freitas and Teixeira, 1998; Albijanic et al., 2007) . However, the impact of physical properties of dilute alcohol solutions on liquid circulation time has not been statistically quantified. Realizing the potential value of this work, in the following sections, we present a review of the relevant previous studies, the methodology that describes both experimental and statistical approaches, a detailed discussion on results implementing both approaches, and conclusions. Table 1 presents a concise review of studies on the liquid circulation time for the dilute alcohol solutions in the draft tube airlift reactors. The literature reveals that the factors like geometry and the type of spargers establish whether the addition of alcohols affects the liquid circulation time.
Previous work
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A c c e p t e d M a n u s c r i p t In this context, Chakravarty et al. (1974) reported that the influence of added alcohol on the liquid circulation time was negligible even though the surface tension of liquid phase changed from to . The reason is that these authors used a short draft tube ( ), causing considerable reduction in the driving force for liquid recirculation. Freitas and Teixeira (1998) also reported similar observations since their reactor had a large separator section which reduced the entrainment of bubbles in the downcomer. On the contrary, Petrovic et al. (1991) and Albijanic et al. (2007) used a long draft tube and observed that the addition of small amount of alcohols increases the liquid circulation time considerably, mainly due to extensive entrainment of bubbles in the downcomer which reduced the driving force for the liquid circulation.
Apart from the geometry of the airlift reactors, the type of the spargers may affect the hydrodynamic behaviour of liquid phase. For example, Weiland (1984) found that the circulation time of dilute alcohol solutions was higher as compared to that in tap water at lower M a n u s c r i p t 6 superficial gas velocities. The reason is that the sinter plate resulted in improved entrainment of bubbles in the downcomer. However, at higher superficial gas velocities, the circulation time of dilute alcohol solutions remained lower than that in tap water due to the intense turbulence of the liquid phase.
In the context of the prediction of circulation time of dilute alcohol solutions, Albijanic (2006) used the correlation that accounts for the superficial gas velocity, the surface tension of alcohol solutions, and the number of carbon atoms in the molecule of alcohol. Although this correlation successfully described the experimental data, the surface tension of alcohol solutions and the number of carbon atoms in the molecule of alcohol are not independent variables. Namely, (Albijanic et al., 2007) ). For that reason, Albijanic et al. (2007) proposed the correlation with two independent variables: superficial gas velocity and surface tension gradient, and their proposed correlation successfully predicted the experimental data.
Methodology

Experimental setup and physical properties of liquid phase
The experiments were performed in an airlift reactor that consists of an inner glass tube and an outer glass tube . In all experiments, air was introduced into the inner tube through a single orifice sparger . Figure 1 shows the schematic representation of this airlift reactor. Liquid phases were tap water and aqueous solutions of methanol, ethanol, n-propanol, isopropanol and n-butanol. 
Liquid circulation time experiments
The experimental setup employed flow follower technique for recording the liquid circulation time, where a wax-coated glass bead facilitated the adjustment between the bead and liquid densities (Petrovic et al., 1991) . Additionally, water glass covered the surface of the glass bead, changing the hydrophobicity of the bead from a hydrophobic to a fully hydrophilic surface state.
The measured settling velocity of the glass bead in the static aqueous solutions in the downcomer was 2.5±2 cm/s. The velocity of the liquid represents the difference between the measured velocity and the settling velocity of the glass bead. The diameter of the glass bead was 4 mm, and the density of the glass bead (1034 kg/m 3 ) was determined by measuring its mass and calculating its volume. The bead travel/cycle time from-to a particular point was recorded as liquid circulation time. For each value of the superficial gas velocity, the experiment was repeated times, maintaining a less than error. In the following sections, an analysis of the data recorded during these experiments helps understand the contribution of physical properties of dilute alcohol solutions on the liquid circulation time.
Data analysis -a variable elimination approach
A formulation of the following hypotheses facilitates the assessment of the influence of an input variable (e.g. reagent A) on the output response (e.g. surface tension of water):
(1) the addition of reagent A affects the surface tension of pure water;
(2) the addition of reagent A does not affect the surface tension of pure water.
If the second hypothesis is valid, then statistically, there would only be a negligible difference between the surface tension of the aqueous solution of reagent A and the surface tension of pure water (i.e. the elimination of reagent A from water), and in that case, we can conclude that the addition of reagent A in water is not significant from an engineering standpoint. In other words, in this analysis, we eliminate one input variable, maintain the remaining input variables at their constant values, and repeat this procedure for all input variables to assess the influence of each input variable on an output response. Given this framework, the general form of a regression model in Equation (1) provides a starting point for this analysis:
(
Here, and are the vectors representing input variables and regression coefficients, respectively; is an output response; and is a mapping function . To determine whether the corresponding regression coefficient is significant, we formulate the following two hypotheses:
(1) the regression coefficient is not significant, (2) the regression coefficient is significant.
An elimination of the corresponding coefficient from the model determines the influence of coefficient on the calculated output response . In this context, we compare the following two cases:
Case I: All coefficients are included in the model (see Equation (1)).
Case II: One coefficient is zero , while others are kept constant (see Equation (1)).
It is important to note that the coefficient would be significant, if the elimination of this coefficient (i.e. ) from the model has a significant influence on the value of calculated .
Consequently, the hypothesis becomes valid, leading to a significant difference between the quality of curve fitting of Case I and Case II.
The quality of curve fitting can be assessed using the average relative deviation between the experimental and calculated values, i.e. average relative error , parity plot diagram (the experimental values versus the calculated values), coefficient of determination , adjusted coefficient of determination , sum of square (SSE), and root mean squared error (RMSE). It is important to note that should not be used for the assessment of how well the experimental data fits the regression model because, in some cases, leads to misleading information subject to the limited range of input variables (Lazic, 2004) . For example, Albijanic et al. (2007) examined whether the regression model could be used to describe the experimental data, and M a n u s c r i p t 10 found that when the average relative error was , the coefficient of determination is calculated as only.
The calculated average relative error for Case I is:
Here, is the number of experimental data; and are the experimental and calculated values, respectively. Given that this proposed method uses the non-linear regression, the average relative error is calculated using the -fold cross-validation method to analyse the model overfitting. In -fold cross-validation method, the available data is separated equally among k different groups, where groups of data are used for the training purpose, and one group is used for the testing purpose. This validation process is iterated over number of times, generating number of testing data based outcomes, which are then averaged to calculate an overall error for the model.
Similarly, the calculated average relative error for Case II is:
Here, represents the calculated values for , when the regression coefficient is eliminated from the model, keeping other regression coefficients unchanged.
In order to assess the influence of the eliminated coefficient (i.e. ) on the calculated output response , we can calculate the difference between and , thus:
can be maintained within and , as:
A c c e p t e d M a n u s c r i p t
(5)
Given that is the largest among available values (i.e. [B(β 1 =0), B(β 2 =0),….,
, the parameter is restricted to values between and , and the higher the value, the more significant is the regression coefficient . Similarly, the coefficient is not significant if the following criterion is satisfied:
Here, represents the threshold value that can be adopted to be less than the certain value (e.g.
0.05 or 0.1). This variable elimination approach guides in defining the contribution of liquid properties of dilute alcohol solutions on liquid circulation times. Figure 3 presents the liquid circulation time as a function of superficial gas velocity. As shown in Figure 3 , the circulation time curve can be divided into the three hydrodynamic regimes, marked as Regime I, Regime II, and Regime III. The changes in the slope of the line, representing these measurements, correspond to the transition from one regime to the next regime. This is in agreement with the visual observations of air bubbles in the downcomer. The presence of these hydrodynamic regimes has been recognized in other studies as well (Petrovic et al. 1991; Albijanic et al., 2007; Siljacki et al., 2010) . The zone of occurrence for Regime I corresponds to superficial gas velocity values less than 0.01 m/s , where liquid circulation was not sufficient to draw bubbles into the downcomer, and other studies (Jones et al., 1985; Petrovic et al., 1991; Albijanic et al., 2007) observed similar values for the superficial gas velocity in this regime. The zone of occurrence for Regime II corresponds to superficial gas velocity values greater than m/s and less than m/s , where the liquid velocity is equal to the bubble rise velocity. In this regime, the entrainment of bubbles into the downcomer formed a stationary swarm of bubbles, which caused the additional hydrodynamic resistance for liquid circulation, leading to an almost constant liquid circulation time with the increase in the superficial gas velocity. Moreover, in this regime, a "loose" swarm of bubbles for water or a "dense" swarm of bubbles for the dilute alcohol solutions remained in the air-water dispersion. The entrainment of large bubbles started at superficial gas velocity of which agrees well with the results obtained in Weiland (1984) . It should be noted that although bubble size distribution measurements were beyond the scope of this work, the bubble size was determined at superficial gas velocity of 0.02 m/s by taking into account the magnifying effect of the glass column.
Results and discussions
Liquid circulation time
Finally, the zone of occurrence for Regime III corresponds to superficial gas velocity values A c c e p t e d M a n u s c r i p t greater than m/s , where liquid velocity is higher than the bubble rise velocity, and thus, the swarm of bubbles recirculates through the riser of the airlift reactor (Albijanic et al., 2007) . The recirculation of bubbles started at the superficial gas velocity higher than , which is in agreement with the results obtained in Petrovic et al. (1991) and Albijanic et al. (2007) .
Given these experimental observations, an analysis using paired sample t-test validates the existence of these hydrodynamic regimes. In this test, the null hypothesis assumes that the data in different regimes relates to the independent random samples from normal distributions with equal means and equal but unknown variance, and the alternative hypothesis establishes that the data in different regimes comes from populations with unequal means. Therefore, an acceptance of the alternative hypothesis (rejection of null hypothesis) validates the existence of the hydrodynamic regimes. Table 3 presents the results of this paired sample t-test. In Table 3 , from the t-test values and the degree of freedom for all three comparisons, it is evident that the null hypothesis can be rejected with 95% confidence level. Consequently, the alternative hypothesis can be accepted, i.e. the data in all three regimes come from different statistical distribution, validating the creation of these regimes. Figure 4 shows the relationship between the surface tension of dilute alcohol solutions and the liquid circulation time. As seen in Figure 4 , the increase in surface tension reduces the liquid circulation time in the following order:
Page 14 of 24 A c c e p t e d M a n u s c r i p t 14 water < methanol < ethanol < n-propanol < isopropanol < n-butanol (7)
The effect of alcohols was insignificant at low superficial gas velocity (Regime I) because the amount of bubbles in the reactor was negligible. However, at higher superficial gas velocities (Regime III), a significant amount of bubbles was in the downcomer section of the airlift reactor and thus the effect of the coalescence inhibition of bubbles by alcohols was more pronounced, causing the differences between the investigated systems.
The coalescence inhibition of bubbles in dilute alcohol solutions occurs because adsorbed alcohol molecules on bubble surfaces orientate themselves with the hydrophilic part (i.e.
hydroxyl group-OH -) on the water side, and the hydrophobic part on the air side (i.e.
hydrocarbon chain). In other words, the air-liquid interfaces of bubbles are charged which causes the repulsion among bubbles (Keitel and Onken, 1982) . The coalescence inhibition of bubbles by alcohols is improved with the increase in the length of hydrocarbon chain of the aliphatic alcohols due to the formation of more stable rigid monolayer around bubbles (Keitel and Onken, 1982) . The increase in the stability of the rigid monolayer reduces the bubble size and thus decreases bubble rise velocities (Keitel and Onken, 1982; Camarasa et al., 1999) . Lesser bubble rise velocities improve the gas holdup in the downcomer section of draft tube airlift reactors which decreases the driving force for liquid circulation and consequently higher values for liquid circulation time (Albijanic et al., 2007; Siljacki et al., 2010) .
M a n u s c r i p t (Fields and Slater, 1983; Weiland, 1984; Petrovic et al., 1991; Kennard and Janekeh, 1991; Freitas and Teixeira, 1998; Albijanic et al., 2007) . As seen in Figure 5 , Weiland (1984) obtained relatively higher liquid circulation times probably because the sinter plate, used in his work, facilitates the formation of relatively more small bubbles in the downcomer, resulting in the increase in the liquid circulation time. By contrast, Kennard and Janekeh (1991) found relatively lower liquid circulation times probably because a shorter draft tube in their work reduced the driving force for the liquid circulation. Table 1 in which the reactor and the experimental details of previous studies are also provided.
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Correlations
An application of LAB Fit software (Silva and Silva Cleide, 1999-2010) implementing the Levenberg-Marquardt algorithm (Bishop, 1997) facilitates the correlation analysis on the experimental data presented in Figure 3 , and the proposed simple correlation predicts the liquid circulation time (t c ) measurements for all three regimes: (8) can be used to describe the experimental data, this correlation does not account for the surface tension of dilute alcohol solutions (the only physical property of these solutions that is considerably different from pure water as seen in Table 2 ).
Thus, two simple correlations that include either surface tension or surface tension gradient are as follows:
(10) Table 4 confirms that Equations (9) and (10) perform better in predicting the experimental data than Equation (8). It should be noted that apart from surface tension or surface tension gradient, the Bond number may also be worth using because this dimensionless number compares the surface tension with gravitational forces : (11) where represents Bond number.
A c c e p t e d M a n u s c r i p t The 3-fold cross-validation method validates three correlations shown in Equations (8) - (10). In this method, the available data in each regime is divided equally into three groups, where two groups would be used for training and one group would be used for testing purposes. Tables 5, 6 , and 7 present the error statistics in the 3-fold cross-validation method. The results in Tables 5, 6 , and 7 demonstrate an overestimation of the values through proposed non-linear method.
However, relatively lower values for mean squared errors, coupled with a slight difference between mean squared errors and error variances, applicable to these correlations over three regimes demonstrate that these correlations are capable enough to explain the data variability.
Therefore, the developed correlations can be used for the prediction of the liquid circulation time. Although all three correlations can be used to describe the experimental data, Equation (10) is selected because the surface tension gradient includes the effect of alcohol concentration on the liquid circulation time. The experimental and predicted liquid circulation time using Equation (10) for all three hydrodynamic regimes are shown in Figure 6 .
Page 18 of 24 A c c e p t e d M a n u s c r i p t 
Contribution of surface tension gradient on liquid circulation time
To evaluate the contribution of the surface tension gradient on liquid circulation time, we employ the method described in the methodology section of this paper. More specifically, the M a n u s c r i p t 20 contribution of the surface tension gradient of dilute alcohol solutions on the liquid circulation time, applicable for all hydrodynamic regimes can be determined using Equation (10).
In this context, for Regime I, the calculated regression coefficients are: , and . It is very important to highlight that and represent the effect of superficial gas velocity and surface tension gradient on the liquid circulation time, respectively.
The elimination method describes the effect of these three coefficients on liquid circulation time, as we will eliminate the influence of the coefficient by setting its value to zero. Thus, as an example, in Regime I, the following three cases are applicable:
(1 Figure 7 shows the parity plot diagrams and calculated for all hydrodynamic regimes.
It should be noted that is zero regardless of the type of regime, and as such, it is not shown in Figure 7 . As seen in Figure 7 , for all three hydrodynamic regimes, is higher than , indicating that the superficial gas velocity is more significant variable than the surface tension gradient of liquid phase. Indeed, for an application of the proposed method, it is not necessary to present the parity plot diagrams showing the deviation of all experimental points from their calculated values. Furthermore, Equations (4) and (5) calculate , and Table 8 shows the relevant results of this parameter. Again, for all hydrodynamic regimes, the superficial gas velocity is more dominant variable than the surface tension gradient of liquid phase ).
This is particularly true in the case of Regime I because the amount of bubbles in the reactor is insignificant ). Similarly, the influence of the surface tension gradient on the liquid circulation time could be neglected in Regime II. Regime III > Regime II > Regime I. The reason is that the increase in superficial gas velocity causes a higher amount of bubbles in the downcomer section of the reactor and thus the effect of the surface tension gradient on the liquid circulation time is more noticeable. Additionally, it is worth analysing the rate of change in liquid circulation time as a function of both the superficial gas velocity and the surface tension gradient of liquid phase (i.e. two partial derivatives), as follows:
Dividing Equation (12) by Equation (13) generates Equation (14) in which is the measure of the strength of the effects due to the superficial gas velocity and the surface tension gradient. Figure 8 presents the average values of for each hydrodynamic regime. As seen in Figure 8 , the superficial gas velocity is the dominant factor in all three hydrodynamic regimes which is entirely in agreement with the conclusion obtained using the variable elimination approach explained in the methodology section of this paper. By contrast, Figure 8 also shows that the impact of the surface tension gradient decreases in the following order:
Regime II > Regime III > Regime I. This conclusion partially agrees with the conclusion obtained using the variable elimination approach. The disagreement between these two approaches might be because the first approach quantifies the influence of one factor on the investigated variable while the second approach compares the influence of two factors on the investigated variable. It appears that both approaches should be applied to better understand the contribution of the surface tension gradient on liquid circulation time in draft tube airlift reactors. M a n u s c r i p t 23
Conclusions
This paper evaluates the influence of surface tension gradient of alcohol solutions on liquid circulation time in a draft tube airlift reactor. Three different bubble regimes in the downcomer were observed: Regime I (no bubbles in the downcomer), Regime II (a stagnant swarm of bubbles in the downcomer) and Regime III (circulation of bubbles through the reactor). An analysis using a paired sample t-test confirms the existence of these regimes. The coefficient elimination approach quantifies the contribution of surface tension gradient of dilute alcohol solutions and superficial gas velocity on the liquid circulation time. The second approach determines the rate of change in the liquid circulation time as a function of both the superficial gas velocity and the surface tension gradient. The results show that the superficial gas velocity was more significant variable than the surface tension gradient for all three hydrodynamic regimes. Nevertheless, the influence of the surface tension gradient on the liquid circulation time should be taken into account particularly in Regime II. Further work is required to evaluate the contribution of added alcohols on other hydrodynamic variables and mass transfer coefficients for different sections of this airlift reactor.
